Cysteine cathepsins are peptidases with housekeeping functions that play different specific roles in different tissues. Endogenous peptidase inhibitors, such as cystatins and thyropins are the ultimate way of controlling their activity. It appears, however, that cathepsin X, a monocarboxypeptidase, whose overexpression is associated with several pathological processes, is not under the control of endogenous inhibitors. Inhibitors belonging to various groups inhibit other cathepsins tested, but none decrease the carboxypeptidase activity of cathepsin X. This absence of inhibitor control is another feature that distinguishes cathepsin X from other members of the cysteine peptidases.
Introduction
Lysosomal cysteine cathepsins are expressed in the form of inactive precursors. When activated, their activity is controlled by endogenous inhibitors. 1 These inhibitors are divided into superfamilies of cystatins (which includes stefins, cystatins, kininogens and non-inhibitory fetuins) and thyropins. 2 Physiologically, endogenous inhibitors can act as emergency inhibitors that usually act on peptidases released from cells or lysosomes, from infecting microorganisms, or as regulatory inhibitors modulating peptidase activity. Regulatory inhibitors are further divided into 1) the threshold inhibitors that act when there is accidental activation of peptidases, 2) buffer type inhibitors that keep peptidases inactive in the absence of substrate or 3) delay type inhibitors that bind slowly to the active enzyme, allowing its action for a certain period of time. 2 Cathepsin X is a carboxypeptidase expressed predominantly in immune and neuronal cells. 3 It regulates the migration, adhesion, proliferation, and maturation of cells, together with phagocytosis and signal transduction. 4 Its overexpression, increased activation or mislocalization may trigger pathological processes such as cancer, [5] [6] [7] [8] [9] neurodegenerative disorders 10 or inflammatory diseases. 11 Studies describing the inhibitory action of endogenous peptidase inhibitors towards cathepsin X are rare and contradictory. While some did not report inhibition of cathepsin X by cystatins C and F [12] [13] [14] [15] , others reported its potent inhibition by cystatin C 16 as well as by stefins A and B and chicken cystatin, but not by L-kininogen.
The aim of this study was to evaluate the inhibitory effect of a broader range of endogenous protease inhibitors from the cystatin and thyropin families on cathepsin X in comparison to the related cathepsins B and L. In the assay a recombinant cathepsin X, void of contamination with other cathepsins, and its specific substrate Abz-FEK(Dnp) OH were used.
Experimental
Activity assays were performed with recombinant cathepsins X (prepared in P.pastoris), 17 B and L ( both prepared in E.coli). 18, 19 Assay buffers were 100 mM sodium acetate buffer, pH 5.5 (for cathepsins X and L), 60 mM acetate buffer pH 5.0 (for cathepsin B exopeptidase activity) and 100 mM phosphate buffer pH 6.0 (for cathepsin B endopeptidase activity). All assay buffers contained 5 mM cysteine, 1.5 mM EDTA and 0.1% PEG 8000. Enzymes were activated in the assay buffer at 37 °C for 5 min before assay. 16 Cystatin F was activated for 15 min at 37 °C in the appropriate assay buffer containing 100 mM cysteine. 15 The fluorogenic substrates Abz-FEK(Dnp)-OH, 20 Z-FR-AMC, Abz-GIVRAK(Dnp)-OH 21 and Z-RR-AMC were used for determining cathepsins X, L and B exo-and endopeptidase activities, respectively. Cystatin F (wild type and truncated form ∆15N) was expressed in FreeStyle 293F cells, 22 chicken cystatin was isolated from chicken egg white, 23 recombinant cystatin C and stefins A and B were expressed in E. coli, 24, 25 thyropins were from the laboratory of B. Lenarčič. Enzymes, substrates and inhibitor concentrations are summarized in Supplementary Table S1. 90 µL of activated enzyme (20 nM cathepsin X or 0.5 nM cathepsin L or 0.6 nM/5.5 nM cathepsin B for its exo/ endopeptidase activity) was incubated for 30 min with 5 µL of the inhibitor (100-fold molar excess over the enzyme) at 37 °C, then added to a black 96-well plate together with 5 µL of substrate. The reaction was monitored continuously, at 37 °, at 420 × 10 nm with excitation at 320 × 20 nm for Abz substrates and at 460 nm × 10 nm with excitation at 380 nm × 20 nm for AMC substrates.
Results and Discussion
Various peptidase inhibitors were tested in a standard kinetic assay to determine inhibition of cathepsin X.
Previous reports of their inhibitory activities towards cathepsin X are ambiguous, probably due to the use of native cathepsin X, isolated from human liver, later shown to be contaminated with cathepsin B 12 or of recombinant cathepsin X contaminated with cathepsin L which is needed for the activation of procathepsin X. 26 The substrates used, such as FR-AMC, were not specific, being also degraded by other cathepsins. Since most of the cystatins used in these studies (cystatin C, chicken cystatin, stefins A and B) 16 potently inhibit cathepsins L and B, it is very likely that the measured inhibition was in fact that of contaminating cathepsin B or L. In our study we used recombinant cathepsin X, containing cathepsin L below the detection limit of western blot and ELISA assays, 17 and cathepsin X specific substrate Abz-FEK(Dnp)-OH. 26 The tested inhibitors (in 100-fold molar excess) did not significantly inhibit cathepsin X (Figure 1) . The irreversible inhibitor of cysteine peptidases, E-64, was used as a control.
Inhibitors from the cystatin and thyropin families were included in the study, namely cystatins C, F (wild type and N-terminally truncated form 15 ), chicken cystatin, stefins A and B, p41, equistatin, testicans 1 and 2 and thyroglobulin domains of nidogens 1 and 2 (domain 1 from nidogen 1 and domains 1 and 2 from nidogen 2). The results demonstrate the absence of inhibition, even at high inhibitor to enzyme ratios and are in line with studies on cystatins C and F. [12] [13] [14] [15] Inhibitory activity of thyropins has not yet been probed for cathepsin X. Like cystatins, they did not inhibit cathepsin X.
The same set of inhibitors was tested on endo-and exopeptidase (carboxypeptidase) activities of cathepsin B Relative inhibition of cathepsin X by various inhibitors was tested in a kinetic assay. Concentrations of endogenous inhibitors were 2 µM (100-fold higher than that of the enzyme), while E-64 was tested at 10 µM concentration. Assay buffer was used in a control experiment. Values are the means of two or three independent experiments, each performed in duplicate ± SEM.
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The Carboxypeptidase Activity of Cathepsin X is ... (Figure 2 ). Cystatin C, stefin A and equistatin potently inhibit both, endopeptidase and exopeptidase activities of cathepsin B, whereas stefin B, cystatin F and testican 1 are better inhibitors of endopeptidase activity. We also determined their inhibitory activities towards cathepsin L ( Figure 2 ). As reported, cathepsin L was inhibited by the majority of inhibitors except testican 2 and nidogen 2. 27,28 Nidogen 1 was not very effective in inhibiting cathepsin L.
Conclusions
Our results show that endogenous inhibitors of cysteine peptidases do not inhibit cathepsin X. Thus cathepsin X carboxypeptidase activity escapes this ultimate control. The possible physiological and pathological consequences of this observation have, however, not yet been addressed. The inhibition of other cathepsins, tested in parallel to cathepsin X with the same set of inhibitors, demonstrates a great difference in their potency, contrary to the general opinion that cystatins and thyropins act in a broad, nonspecific fashion. The relative inhibitiory activities of cysteine cathepsins with various inhibitors was tested in a kinetic assay (p41 was not tested on cathepsin B endopeptidase activity). Concentrations of inhibitors were 100-fold higher than those of the enzymes, E-64, used as a positive control, was tested at 10 µM concentration. Assay buffers were used in control experiments. Values are the means of two or three independent experiments, each performed in duplicate.
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